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Abstract|In this paper, synthesis of superconducting circular
antennas mounted on circular array is designed by the combination
of a method based on particle swarm and a full-wave method. Full-
wave method is used for computing the resonant frequency, bandwidth,
radiation pattern and the e±ciency of a perfectly superconducting,
or an imperfectly conducting circular microstrip, which is printed
on isotropic or uniaxial anisotropic substrate. Particle Swarm
Optimization (PSO) has been used to obtain the minimum side lobe
level (SLL) of circular array, by varying elements excitations and/or
positions. Numerical results concerning the e®ect of the parameters
of substrate and superconducting patch on the antenna performance
are presented and discussed. It is found that superconducting circular
antenna could give high e±ciency. Also, results show the e±ciency
of PSO in producing desired radiation characteristics and are in good
agreement with previously published data.
1. INTRODUCTION
Microstrip antennas have a number of useful properties, which are
employed as radiating or receiving elements in a wide range of
microwave systems, such as radar, navigation, communication. The
radiating elements in these applications can come in a variety of
con¯gurations, with the rectangular and circular patches being the
most popular due to the ease of analysis and fabrication. The
circular conductor printed on a dielectric substrate backed by a
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perfectly conducting plane is used as a resonator as well as an antenna
element [1]. This structure has been analyzed extensively in the last
two decades, employing a wide variety of techniques, ranging from
simple intuitive models to highly sophisticated techniques using the
rigorous spectral domain approach with the Galerkin method.
In order to further improve the performance of patch antennas,
it has been proposed to replace the conventional patch structures by
superconductors. The recent successful results of high temperature
superconducting thin ¯lm technology have been encouraged in the
realization of microwave circuits and antennas. A major property of
superconductor is very low surface resistance compared with normal
metals, such as copper, silver, and gold. Using this low surface
resistance Zs, superconductors can reduce the insertion loss and obtain
a rather high gain, but su®er from a very narrow bandwidth, which
severely limits its application.
The radiation characteristics provided by a single element
were gradually found to be inadequate. To solve this problem,
an arrangement of several radiating elements called an array was
developed. Uniformly excited and equally spaced antenna array has
high directivity but it usually su®ers from high side lobe level. To
reduce the side lobe level, the array is made aperiodic by altering
the positions of the antenna elements with all excitation amplitudes
being non uniform. A very popular type of antenna arrays is the
circular array that has several advantages, such as symmetry in
azimuth, which makes them ideally suited for full 360± coverage.
This advantage has been exploited for the development of broadcast
antennas and direction-¯nding antennas. Circular antenna arrays ¯nd
various applications in sonar, radar, mobile and commercial satellite
communications systems [2].
During the last decade, optimizations of antenna arrays have
received great attention in the problems antenna arrays. The
conventional methods of linear antenna array optimization use a
set of linear or nonlinear design equations and solve them to get
the optimal solution. These methods are not suitable for circular
array optimization. Due to the complexity of the design problem,
several evolutionary approaches as genetic algorithms and particle
swarm optimization (PSO) have become very popular for optimization
problems in antenna arrays [3,4].
Many authors have studied antenna array pattern synthesis by
using technique PSO [3,6], and most of these studies have only
considered optimizing an array of isotropic elements and cylindrical
dipoles [5,6]. They have been given the element excitations and/or
positions, allowing us to satisfy all the patterns requirements. But,Progress In Electromagnetics Research B, Vol. 22, 2010 105
all these studies did not take the e±ciency of superconducting circular
antennas on uniaxial anisotropic and directivity of superconducting
circular antenna mounted in circular array. For these reasons, in
this paper, we use a method based on a full wave for calculating
the radiation characteristics of superconducting circular antennas on
uniaxial anisotropic, and PSO is used to determine a set of elements
excitation coe±cients and positions, which will reduce the side lobe
level of the generated pattern radiation. These parameters are used in
calculating the directivity of circular array of superconducting circular
antennas on uniaxial anisotropic.
2. FORMULATION OF PROBLEM BY FULL-WAVE
The high Tc superconducting microstrip antenna considered in this
work is shown in Figure 1. The circular patch of thickness h, with
radius along the two axes x, y, respectively, is printed on a grounded
uniaxial dielectric of thickness d characterized by a permittivity tensor
given by.
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where "x = "y 6= "z, and the permeability will be taken as ¹0.
The formulation of dyadic Green function ¹ G of structure is based
on spectral domain (SDA). In this domain, the relationship between
the patch current and electric ¯eld on the circular microstrip is given
by [1,7]:
~ E (k½) = ¹ G(k½) ¢ ~ K(k½) (2)
~ K(k½) is the current on the microstrip, which is related to the vector
Hankel transform of K(½). The unknown currents are expanded, in
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Figure 1. Cross section of the a microstrip antenna on uniaxial
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terms of a complete orthogonal set of basis functions, issued from
the magnetic wall cavity model. It is possible to ¯nd a complete set
of vector basis functions to approximate the current distribution, by
noting the superposition of the currents due to TM and TE modes of
a magnetic-wall cavity form a complete set. The current distribution
of the nth mode of the circular microstrip can be written as [7]:
Kn(½) =
8
> > <
> > :
P X
p=1
anpªnp (½) +
Q X
q=1
bnq©nq (½) a > ½
0 ½ < a
(3)
Here anp and bnq are unknown coe±cients. The Hankel transforms of
Kn(½) are described as [7]:
~ Kn (k½) =
P X
p=1
anp~ ªnp (k½) +
Q X
q=1
bnq~ ©nq (k½) (4)
The basis functions ªnp and ©nq are given by the expressions [7]:
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where
n 2 N; p = 1 : P; q = 1 : Q
Jn(¢) is the Bessel function of the ¯rst kind of order n.
In relation (2), ¹ G(k½) is the spectral dyadic Green's function,
which can be written as [8].
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¸
(7)
where
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ke
z and kh
z, the TM and TE propagation constants in the uniaxial
substrate, are given by:
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In order to incorporate the ¯nite thickness, the dyadic Green's
function is modi¯ed by considering a complex boundary condition.
The surface impedance of a high-temperature superconductors (HTSs)
material, for a plane electromagnetic wave incident normally to its
surface, is de¯ned as the ratio of jEj to jHj on the surface of the
sample. It is described by the equation [9]:
Zs =
(p
!¹0=(2 ¢ ¾) h ¸ 3¸
1=h¾ h · 3¸
(10)
where the conductivity ¾ = ¾c is real for conventional conductors, and
¾ = ¾n(T=Tc)4 ¡ i(1 ¡ (T=Tc)4)=!¹0¸2
0 for superconductors.
The boundary condition on the surface of the circular microstrip
is given by:
¹ Escat + ¹ Einc ¡ ¹ Zs ¢ ¹ Kn = 0 (11)
Here ¹ Einc and ¹ Escat are tangential components of incident and scattered
electric ¯elds. Electric ¯eld is enforced to satisfy the impedance
boundary condition on the circular microstrip, and the current vanishes
o® the circular microstrip, to give the following set of vector dual
integral equations [8].
en (½) =
1 Z
0
dk½k½ ¹ Hn (k½½) ¢
¡ ¹ G(k½) ¡ ¹ ZS
¢ ¹ Kn (k½) = 0 ½ < a (12)
Kn (½) =
1 Z
0
dk½k½ ¹ Hn (k½½) ¢ ¹ Kn (k½) = 0 a < ½ (13)
where ¹ Zs =
·
Zs 0
0 Zs
¸
Galerkin's method is employed to solve the coupled vector integral
equations of (12) and (13). Substituting the Hankel transform current
expansion of (3) into (12) and (13), then, multiplying the resulting
equation by ½Ã+
np(½) (p = 1; 2; :::; P) and ½Á+
nq(½) (q = 1; 2; :::; Q),
integrating from 0 until to a, and using Parseval's theorem for VHT,
we obtain a system of Q + P linear algebraic equations for each
mode n, which may be written in matrix form. Following well-
known procedures, we obtain the following system of linear algebraic
equations:
2
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³
¹ Z0ª©´
P£Q ³
¹ Z0©ª´
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³
¹ Z0©©´
Q£Q
3
5 ¢
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¸
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Each element of the submatrices ¹ ZCD is given by:
¹ Z0CD
ij =
1 Z
0
dk½k½C+
ni (k½) ¢
¡ ¹ G(k½) ¡ ¹ ZS
¢
¢ Dnj (k½) (15)
where C and D represent either Ã or ', for every value of the integer
n.
Once the impedance and resistance matrices have been calculated,
the resulting system of equations is then solved, for the unknown
current modes on the circular microstrip. Nontrivial solutions can
exist, if the determinant of Equation (14) vanishes, that is:
det
£ ¹ Z0(f)
¤
= 0 (16)
In general, the roots of this equation are complex numbers
indicating that the structure has complex resonant frequency (f =
fr +ifi). The bandwidth of a structure, operating around its resonant
frequency, can be approximately related to its resonant frequency,
though the well-known formula (BW = 2fi=fr). Once the problem
is solved for the resonant frequency, the far ¯eld radiation patterns
(Eµ, E'), for superconducting circular antenna are given.
·
Eµ(¹ r)
E'(¹ r)
¸
=
+1 X
n=¡1
ein'¢(¡i)n¢eikr¢¹ L(µ)¢ ¹ V (k½)¢
¡ ¹ G(k½)¡¹ ZS
¢
¢ ¹ Kn(k½) (17)
where
¹ V (k½)=
·
1 0 ¡
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kz
0 1 0
¸
and ¹ L(µ)=
·
cos(µ) 0 ¡sin(µ)
0 1 0
¸
The electric ¯eld component is de¯ned in the interval 0 · µ · ¼,
0 · ' · 2¼.
The losses in the antenna comprise dielectric loss Pd; conductor
loss Pc, and radiation loss Pr are given by [10]:
Pr =
µ
1
4´0
¶ZZ
jEj
2r2 sinµdµd' (18)
Pc = Zs
ZZ
jHj
2dS (19)
Pd =
µ
!"tg±
2
¶ZZ
jEj
2dV (20)
The radiation e±ciency for the lowest mode TM11 is given by [10]:
´ = Pr=(Pr + Pc + Pd) (21)Progress In Electromagnetics Research B, Vol. 22, 2010 109
In order to improve the radiation characteristics of superconducting
circular antennas, we mount them in array. For simplicity in analysis,
the overall radiation pattern of an antenna array can be obtained
by multiplying the array factor of the array and element pattern of
the superconducting circular antenna. Hence, in an array of identical
antennas, there are ¯ve control parameters that can be used to shape
the overall pattern of the antenna array. These are the geometrical
con¯guration of the overall array, relative displacement between the
elements, excitation amplitude of the individual elements, excitation
phase of the individual elements, and relative pattern of the individual
elements. In this study we consider a circular array as shown in
Figure 2, of N high Tc superconducting circular antennas, which are
unequally spaced on the X-Y plane along a circle of radius R, and all
excitation amplitudes being non uniform.
The normalized ¯eld of the array can be written as:
Fs(µ;') = E0(µ;')
N X
i=1
aiejk0Rsin(µ)cos('¡'i)) (22)
The Excitation coe±cients (amplitude and phase) of the N elements
are chosen to be: ai = Aiej®i.
In a privileged direction (µ0; '0), the excitation phases of the N
elements are chosen to be ®i = ¡k0Rcos('0 ¡ 'i)).
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Figure 2. Geometry of a circular antenna array.110 Barkat and Benghalia
The normalized ¯eld of the array will become:
Fs(µ;')=E0(µ;')
N X
i=1
Ai exp[jk0R(sinµ ¢ cos('¡'i) ¡ sinµ0 ¢ cos('0¡'i))] (23)
where
k0R=
N X
i=1
dmi and k0=
2¼
¸
: The wave number
'n=
2¼
k0R
n X
i=1
dmi: Angular position of the element on the x-y plane
dmn: The arc distance between the ¯rst (i = 1) and the element n
(i = n)
The directivity of N elements, mounted in circular array for a tilted
beam in the (µ0
0;'0
0) direction, can be expressed as [11]:
D
¡
µ0
0;'0
0
¢
=
4¼ jF(µ0
0;'0
0)j
2
2¼ R
0
d'
¼ R
0
jF(µ;')j
2 sinµdµ
(24)
F(µ;') is the ¯eld pattern of the array antenna, which is given as
F(µ;') = E0(µ;')
N X
i=1
Ai exp[jk0R(sinµ ¢ cos('¡'i) ¡ sinµ0 ¢ cos('0¡'i))] (25)
where E0(µ;') is the pattern of the single antenna, and R is the
distance from the origin to the ith element.
3. PARTICLE SWARM OPTIMIZATION
PSO is a technique developed by Kennedy and Eberhart in 1995 [12].
This technique is one of the most recently developed techniques, and
it is a kind of evolutionary computational technology based on the
intelligent behaviour of bird °ocking in searching for food. In technique
PSO, the swarm is typically modeled by particles. These particles °y
through hyperspace and have two essential reasoning capabilities: The
memory of their own best position and knowledge of the global best.
Each particle will move from its current position using the velocity and
distance from current best local and global solution reached. Members
of a swarm communicate good positions to each other and adjust their
own position and velocity based on these good positions. So a particle
has the following information to make a suitable change in its position
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The basic pseudo code for the PSO algorithm, presented below
and using the global best and local bests, is:
Step 1: We have N antenna elements; the 2N-dimensional position
vector is mapped to N amplitude weights and N distance. In the
beginning, a population of i-th (i = 1; 2; :::; I) particles is generated
with random positions Xi = [Xi1; Xi2; :::; Xi2N]. Then a random
velocity is assigned to each particle.
Step 2: As in all evolutionary computation techniques, there must
be evaluation | Compute ¯tness of each particle in swarm.
Step 3: Compare the personal best (pbest) of every particle
with its current ¯tness value. If the current ¯tness value is better,
then assign the current ¯tness value to pbest and assign the current
coordinates to pbest coordinates.
Step 4: Determine the current best ¯tness value in the whole
population and its coordinates. If the current best ¯tness value is
better than global best (gbest), then assign the current best ¯tness
value to gbest and assign the current coordinates to gbest coordinates.
Step 5: Update using the following equations, then the new
particle velocity Vi and position Xi of the 2N dimension of the i-th
particle can be calculated by Equation (26).
V iter
i = W ¤ V iter¡1
i + C1 ¤ rand1 ¤
¡
pbestiter¡1
i ¡ Xiter¡1
i
¢
+C2 ¤ (1 ¡ rand2) ¤
¡
gbestiter¡1
i ¡ Xiter¡1
i
¢
(26)
Xiter
i = Xiter¡1
i + V iter
i (27)
Generally, W can be dynamically set with the following equation [13].
W = Wmax ¡
Wmax ¡ Wmax
itermax
¢ iter (28)
where
itermax: is the maximum number of iterations.
iter: is the current number of iterations.
Wmax and Wmin: are the upper and lower limits of the inertia
weight, set to 0.5 and 0.5, respectively.
Vn: is the velocity of the particle in the 2N dimension, and the
particle velocity is limited by a maximum value.
Xi: is the particle's coordinate in the 2N dimension.
pbest and gbest: are the `personal best' and `global best'
respectively.
C1 and C2: are two positive constants.
Rand1 and Rand2: are random functions in the range [0,1].112 Barkat and Benghalia
In antenna array problems, there are many parameters that can be used
to evaluate the ¯tness (or cost) function such as gain, side lobe level,
and radiation pattern. Here, we are interested in designing a circular
antenna array with minimum side lobes levels. Thus, the following
¯tness function is de¯ned by:
¯tness=min
Ã
'='r X
'='0
®¢(NLS(µ;')¡NLSD(µ;'))+
Ms X
i=1
¯¢(AF0(µ;'i)¡AFd(µ;'i))
!
(29)
where NLS(µ;') and NLSD(µ;') are, respectively, the maximum
sidelobe level obtained by using PSO and the desired maximum
sidelobe level.
At the beginning of the optimization, the objective function was
evaluated by random value of maximum sidelobe regions ('), are:
¡176
±
:5, ¡149±:7, ¡123±:6, ¡93±:65, ¡71±:1, ¡40±:76, 40±:05, 69±:7,
94±:15, 133±:1, 158±:35, 180±. At the second time, a new position of
maximum sidelobe regions appeared, and the function ¯tness could be
evaluated. This procedure was repeated 20 times in our case.
AF0(µ;'i) and AFd(µ;'i) are the radiation patterns obtained by
using PSO and the desired pattern, respectively, and Ms is the total
sample points.
® and ¯ are the weights considered to give a higher priority to
minimizing the ¯tness function.
4. NUMERICAL RESULTS AND DISCUSSION
In order to con¯rm the computation accuracy, Table 1 shows the
calculated resonant frequencies for the modes (TM11, TM21, TM31, and
TM12). These results are compared with theoretical and experimental
data, which have been suggested in [1]. We have a circular patch with
a radius 7.9375mm is printed on a substrate of thickness 1.5875mm.
Note that the agreement between our computed results and the
theoretical results of [1] is very good.
The e®ects of temperature and thickness of a high-temperature
superconducting YBCO, substrate anisotropy of antenna, on the
scattering properties of circular microstrip antenna, excited in the
TM11 are shown in Figures 3, 4.
Figure 3 shows the dependence of resonant frequency on the
thickness h of superconducting patch of the antennas. It is observed
that, when the ¯lm thickness h increases, the resonant frequency
increases quickly until the thickness h reaches the value penetration
depth ¸0. After this value, the increase in the frequency of resonance
becomes less signi¯cant.Progress In Electromagnetics Research B, Vol. 22, 2010 113
Figure 4 demonstrates relations between the real part of frequency
resonance and the normalized temperature (T=Tc), where the critical
temperature is used here for our data (89±). The variations of the real
part of frequency is due to the uniaxial anisotropy decrease gradually
with the increase in the temperature. This reduction becomes
more signi¯cant for the values of temperature close to the critical
temperature. These behaviours agree very well with those reported
Table 1. Comparison of resonant frequencies of the ¯rst four modes
of a circular microstrip patch printed on a dielectric substrate (a =
7:9375mm, "x = "z = 2:65, d = 1:5875mm).
Results of Reference [1]  Our results 
Mode Resonant  
Frequency  (GHz) 
Quality  factors 
 (Q) 
Resonant 
Frequency  (GHz) 
Quality  factors
(Q)
TM11 6.1703  19.105  6.2101  19.001 
TM12 17.056  10.324  17.120  10.303 
TM21 10.401  19.504  10.438  19.366 
TM01 12.275  8.9864  12.296  8.993 
Figure 3. Real part of resonant
frequency of circular microstrip
antenna, Against h. (d =
254¹m, a = 815¹m, TC = 89±,
T=TC = 0:5, ¸0 = 1500º A, ¾n =
210S/mm). (||) "x = 9:4, "z =
11:6; ({{{) "x = 11:6, "z = 11:6;
(|¢|¢) "x = 13, "z = 10:3;
(::::::) "x = 10:3, "z = 10:3.
Figure 4. Real part of resonant
frequency of circular microstrip
antenna against T=TC (d =
254¹m, a = 815¹m, TC = 89±,
h = 0:02¹m, ¸0 = 1500º A, ¾n =
210S/mm). (||) "x = 9:4, "z =
11:6; ({{{) "x = 11:6, "z = 11:6;
(|¢|¢) "x = 13, "z = 10:3;
(::::::) "x = 10:3, "z = 10:3.114 Barkat and Benghalia
by Richard for the case of rectangular microstrip antennas [14].
Figure 5 shows the calculated radiations patterns (electric ¯eld
components, Eµ; E') of the superconductor circular microstrip
antenna, printed on substrate thickness (d = 254¹m), where isotropic,
positive and negative uniaxial anisotropic substrates are considered.
The mode excited is the TM11. It is seen that the strongest radiation
occurs in the broadside direction (µ = 0). We also observe that
the permittivity "z has a stronger e®ect on the radiation than the
permittivity "x. The radiation pattern of an antenna becomes more
directional as its "z increases. Another useful parameter describing
the performance of an antenna is the gain. Although the gain of the
antenna is related to the directivity, as illustrated in Figure 5, the gain
of an antenna becomes high as its "z increases.
In calculation of losses, we have found that the values of the
dielectric loss (Pd), conductor loss (Pc), and radiation loss (Pr) depend
on frequency. We use precedents in results (electric ¯eld components,
Etheta;EÁ) to calculate the variation of radiation e±ciency for the
mode TM11 as a function of resonant frequency. Our results are shown
in Figure 6. It is seen that the e±ciency increases with decreasing
frequencies. The same behaviour is found by Hansen [15].
We consider a circular array of ten isotropic elements, non-uniform
spacing around a circle of radius R and non-uniform excitations of
elements. In order to illustrate the capabilities of PSO to ¯nd
acceptable side lobe level (SLL), equal or less than the desired value,
the PSO program has been written in Matlab language, using 400
iterations. The number of particles taken is 50. The values of C1 and
C2 are 1 and 0.95 respectively, and we have set (W1 = W2 = 0:5).
(i) ϕ=0 (E  ) (i) ϕ=π/2 (E  ) ϕ θ
Figure 5. Radiation pattern of circular microstrip antenna versus
angle µ (a = 815¹m, h = 0:02¹m, T=TC = 0:5, d = 254¹m,
¸0 = 1500º A, ¾n = 210S/mm). (||) "x = 9:4, "z = 11:6; ({{{)
"x = 11:6, "z = 11:6; (|¢|¢) "x = 13, "z = 10:3; (::::::) "x = 10:3,
"z = 10:3.Progress In Electromagnetics Research B, Vol. 22, 2010 115
Figure 6. Circular microstrip
antenna e±ciency (d = 254¹m,
a = 815¹m, h = 0:02¹m,
T=TC = 0:5, ¸0 = 1500º A, ¾n =
210S/mm, "x = "z = 11:6, ± =
0:0024).
Figure 7. Convergence curve of
the ¯tness value of the 10 element
circular array versus the number
of iterations.
The ¯tness value reaches its minimum, and this number is found to be
su±cient to obtain satisfactory patterns with a desired performance.
The algorithm terminates with success at global optimum point.
Figure 7 shows the convergence curves using PSO algorithm for
the 10 elements placed in circular array. The program converges after
250 iterations. In general, PSO converges in a few iterations compared
to other methods such as genetic algorithm (GA), since it has less
complexity and can be easily implemented. The optimum parameters
of amplitudes and/or positions obtained by our formulation, using
PSO and formulations of [16] and [6], are shown in Table 2. These
parameters can be utilized to plot the variation of radiation patterns,
shown in Figure 8. Clearly, our results are generally better in terms of
the sidelobe level than those suggested in [16] and [6].
The optimum parameters of amplitudes and positions obtained
for 12 isotropic elements by using PSO are shown in Table 3. A
comparison between results of array of N isotropic elements and N
superconducting antennas is shown in Figures 9, 10. In all cases, we
observe that the level of the sidelobes and level of the mainlobes of N
superconducting antennas mounted in circular array are less than the
level of the secondary lobes found for circular array with ten isotropic
elements.
To accomplish our study, a computationally e±cient technique was
developed for evaluating the directivity of circular array composed of
superconducting circular antennas. Figure 11 displays the calculated
directivity with respect to the parameters found by PSO, for the116 Barkat and Benghalia
fundamental mode TM11 as a function of the beam tilt angle from
the Z-axis.
Figure 8. Radiation pattern of circular array of ten isotropic elements
against '.
Table 2. Optimized parameters of 10 isotropic elements.
Our results   PS0   [6]     GA    [16] 
n  In  dn In n n n
1  1.0000 0.30303  0 . 7383 0.3243  0 . 9545 0.3641
2  0.71984 0.97381  0 . 8737 0.9747  0 . 4283 0.4512
3  0.60893 0.39089  0 . 5782 0.4124  0 . 3392 0.2750
4  0.96059 0.92882  1 . 000 0.9369  0 . 9074 1.6373
5  0.51031 0.40196  0 . 7088 0.3571  0 . 8086 0.6902
6  0.92380 0.27149  1 . 000 0.3572  0 . 4533 0.9415
7  0.89264 0.95273  0 . 5782 0.9369  0 . 5634 0.4657
8  0.74104 0.37613  0 . 8737   0.4124  0 . 6015 0.2898
9  0.93613 0.94104  0 . 7383 0.9747  0 . 7045 0.6456
10  0.49359 0.30854  0 . 7179 0.3243  0 . 5948 0.3282
d I d
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
λ
Table 3. Optimized parameters of 12 isotropic elements.
n  1  2  3  4  5  6  7  8  9  10  11  12 
In 1.00  0.543  0.652  0.843  0.986  0.765  0.343  0.873  0.546  0.459  0.789  0.988 
dn/λ 0.297  0.794  0.672  0.732  0.775  0.365  0.351  0.794  0.456  0.813  0.835  0.311 Progress In Electromagnetics Research B, Vol. 22, 2010 117
Figure 9. Radiation pattern
of circular array of ten super-
conducting antennas, and ten
isotropic elements, versus angle '.
(d = 254¹m, a = 815¹m, h =
0:02¹m, TC = 89±, T=TC = 0:5,
¸0 = 1500º A, ¾n = 210S/mm,
"x = "z = 11:6, ± = 0:0024).
Figure 10. Radiation pattern of
circular array of 12 superconduct-
ing antennas, and ten isotropic el-
ements, versus angle '. (d =
254¹m, a = 815¹m, h =
0:02¹m, TC = 89±, T=TC = 0:5,
¸0 = 1500º A, ¾n = 210S/mm,
"x = "z = 11:6, ± = 0:0024).
Figure 11. Calculated directivity versus beam tilt angle circular
array of ten superconducting antennas (fr = 29:62GHz, d = 254¹m,
a = 815¹m, h = 0:02¹m, TC = 89±, T=TC = 0:5, ¸0 = 1500º A,
¾n = 210S/mm, "x = "z = 11:6, ± = 0:0024).
5. CONCLUSION
In this paper, the fullwave analysis for the superconducting circular
microstrip antenna on uniaxial anisotropic media is considered.
Numerical results concerning the e®ect of a superconductor patch, of
a uniaxial substrate, and on the characteristics of the antenna are118 Barkat and Benghalia
presented. It was found that the microstrip superconducting could
give high e±ciency. Also we have presented an optimization technique
based on PSO algorithm, which is successfully used to determine the
element excitations and/or positions of non-uniform circular antenna
arrays, for simultaneous reduction of the side lobe level. A comparative
study, between our results and those available in the literature, shows
that PSO is capable of synthesizing the unequally spaced circular
arrays to produce radiation patterns with a good performance in the
sidelobe region.
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